Given the aging population in Hong Kong and the ever rising demand for emergency ambulance services, this study aimed to examine the effects of seasonality and weather on the demand for emergency ambulance services in Hong Kong. The feasibility of using time series models and selected weather factors to forecast average daily ambulance demand over a month was also assessed. Methods: Monthly statistics for ambulance demand from 1998 to 2007 were obtained for analysing the effects of seasonality and weather on the demand for emergency ambulance services in Hong Kong. The effectiveness of weather factors in forecasting ambulance demand was also examined by comparing the performance of the autoregressive integrated moving average (ARIMA) model against other commonly used models. Results: The lowest temperatures during cooler months were found to be negatively associated with average daily ambulance demand (adj-R 2 =0.38), while the average amount of cloud cover and highest temperatures were found to be positively associated with average daily ambulance demand during hotter months (adj-R 2 =0.34). When the analysis was stratified spatially by ambulance command units, Hong Kong Island had the highest adj-R 2 during cool and hot months, reported at 0.55 and 0.46 respectively. With the inclusion of average temperature, the ARIMA models outperformed other models for both short-and long-term predictions. Conclusions: Our findings suggest that weather factors, especially temperature, are significantly related to and useful for predicting ambulance demand. (Hong Kong j.emerg.med. 2017;24:3-11) 
Background
It is widely believed that weather conditions have a significant impact on human health. Researchers have reported that death rates increase during extreme hot and cold weather conditions. [1] [2] [3] [4] [5] [6] More people die in the winter than the summer months and higher than normal mortality rates have been attributed primarily to cardiovascular and respiratory illnesses. 7 Rooney et al 8 argued that elevated temperatures could exacerbate chronic illnesses, as evidenced by the August 2003 heat wave in France. 9 It was reported that about 15,000 more deaths occurred between August 1 and 20, 2003, which represented a 60% increase in mortality from all causes, compared to the same period in [2000] [2001] [2002] . Furthermore, the percentage increase in mortality for people aged 45-74 and those 75 years and older were 30% and 70% respectively. From 1976 to 1995, above average mortality due to heat waves was observed throughout Europe 10 and the situation continued through to 2006. 11 In fact, the heat-mortality relationship was evident among cities in different climates and their mathematical relationships were rather similar. 12 Gosling et al 13 presented a detailed review of the relationships between temperature and mortality, as examined through epidemiological and synoptic climatological methods, with an outlook on the potential impact of heat-related mortality from climate change.
It is not uncommon for temperatures in Hong Kong to rapidly plunge below 10 o C or rise above 32 o C in a relatively short time interval. Abrupt temperature changes are related to Hong Kong's geographic location in southern China (Figure 1 ). Hong Kong's hilly terrain and its many outlying islands are subject not only to monsoon-influenced humid subtropical climate with moderately warm temperatures for nearly half of the year but also to cold northerly winds from China. 14 Yan attempted to investigate the seasonality of mortality and weather-mortality relationships in Hong Kong from 1980 to 1994. 6 The results showed a negative relationship between minimum temperature and mortality but a positive association between the amounts of cloud cover and mortality. Although weather-mortality association was not found among people aged 0-24 and 25-44, a strong association was discovered among elderly people aged 65 years and older. The vulnerability of the elderly to extreme temperatures, especially net effective temperature, was further confirmed by Leung et al. 2 The above observations of weather-related mortality suggest possible relationships between weather and ambulance demand. If the relationship between weather and ambulance demand could be established, it would be possible to build a forecast system for ambulance demand to facilitate forward planning and improve deployment of emergency ambulances. Noticeable progress has been made by researchers in the development of forecast systems for ambulance demand over the past decades. The time series models for predicting ambulance demand were built on "moving average," "means with moving average smoothing," and "autoregressive integrated moving average". 15 The results showed that "means with moving average smoothing", explaining about 54.3% of variance, yielded the best model. In a study to predict the volume of ambulance runs using weather factors and a backpropagation neural network, Liao et al. 16 showed that their resultant models successfully predicted the volume of ambulance runs to within a 6% error rate.
The above models are not without drawbacks. For example, the multiple regression analysis and the backpropagation neural network method are restricted by the effects of selected predictors. However, time series analysis which caters for both predictor and temporal effects seems to have greater modelling and predictive powers. The potential of time series modelling was demonstrated by the ARIMA model developed to forecast disease incidence of the Ross River Virus in Cairns, 17 which showed that relative humidity and rainfall were significantly associated with disease incidence. Time series modelling was also used to assess seasonal association of monthly suicide data and weather conditions 18 and to evaluate the accuracy of five different methods of forecasting the incidence of malaria. 19 It was also observed that time series modelling was used widely because it could be carried out by adequately trained non-specialists. 20 This research aimed to examine weather factors of Hong Kong and their seasonality effects on the demand for emergency ambulance services. The spatial variability of ambulance demand would also be assessed. Upon confirming weather factors that would be significantly related to ambulance demand in Hong Kong, the feasibility of time series modelling to forecast average daily ambulance demand based on selected 
weather factors would be evaluated. The performance of the ARIMA model would be compared against other commonly used linear regression models. Given the aging population of Hong Kong and the ever rising demand for emergency ambulance services, this study would have significant public health implications in terms of early mobilisation and better preparedness for rapid responses and more effective deployment of ambulances. The forecasting methodology should have direct relevance to Asian cities with rapidly aging population and limited ambulance resources.
Methods

Ambulance demand statistics
The study made use of monthly ambulance demand statistics collected by the Fire Services Department (FSD) from January 1998 to December 2007. 
Meteorological statistics
Monthly readings of the lowest daily temperature, highest daily temperature, average relative humidity, average amount of cloud cover, total rainfall, and average wind speed for the same time period were obtained from the website of the Hong Kong Observatory (HKO). Figure 3 is a time series plot of monthly relative humidity, as well as the highest and lowest temperatures from 1998 to 2007. Yearly periodicity is evident from the data, with peaks in the summer and dips in the winter.
Data pre-processing
The presence of outliers and the linear trend of increasing ambulance demand as revealed in Figure 2 prompted the need for data pre-processing or normalisation. The 2003 data were excluded from the analysis of weather-ambulance demand relationships due to the SARS epidemic. Data points in February 2006 were not excluded as there was no ground to regard them as outliers. These data were transformed to show average daily ambulance demand and normalisation was attempted to neutralise temporal variations in call volume. Normalisation essentially removes the effects of population growth to enable better visualisation and straightforward comparison of seasonal fluctuations and recurrent demands for ambulance services. However, the development of a forecast system must account for effects of population growth and this process could make use of the original data that have not been normalised. 
Seasonality and weather relationships with ambulance demand
Seasonal patterns of the data series were examined by considering three components: random, seasonal, and non-seasonal. A harmonic analysis was applied to assess the percentage of total variance attributable to each component − a higher percentage would signify more significance. 21 Having confirmed the presence of seasonality effects, the relationships between selected weather factors (temperature, relative humidity, amount of cloud cover, rainfall, wind, etc.) and ambulance demand were then analysed through regression modelling. The dataset in the regression analysis was first split into two subgroups by time periods corresponding to cool and hot months. Months with the average daily lowest temperature of 24 o C or below (i.e., not above 24 o C) constituted the cool months. Conversely, months with the average daily highest temperature 26 o C or above (i.e., not below 26 o C) were the hot months. The two subgroups were analysed separately to determine seasonal differences. Moreover, the geographic variation of ambulance demand was also examined for three main regions: Hong Kong Island, Kowloon, and the New Territories (see Figure 1 ).
Development of forecast models for ambulance demand
Selected weather factors confirmed to have an impact on ambulance demand were employed as independent variables to model and predict ambulance demand. Three types of forecast models were compared in this study: (i) simple linear regression; (ii) seasonal adjustment based on the last three observations; and (iii) ARIMA model. The simple linear regression method requires no introduction, but the seasonal adjustment method contains a term to account for seasonal effects and another term to correct for trend effects in the three preceding months. 19 The equation for seasonal adjustment is written as follows:
Eqn. (1) where the seasonal average A t+m is the historical average of observed values in each calendar month and the correctional term is the mean deviation from the seasonal average of observed values in the past three months.
The ARIMA model involves an autoregressive process that relates an observation to past observations and a moving average process to relate an observation to past error terms. 22 Mathematically, the autoregressive process AR(p) is expressed as: X t =ε t +φ 1 X t-1 +φ 2 X t-2 +...+φ p X t-p Eqn. (2) where ε t is the error term at time t and φ p is the autoregressive coefficient of the observation X t-p ; and the moving average process MA(q) is written as: X t =ε t +θ 1 ε t-1 +θ 2 ε t-2 +...+θ q ε t-q Eqn. (3) where ε t is the error term at time t and θ q is the moving average coefficient of the error term ε t-q .
When the two processes are combined into an autoregressive integrated moving average model, the ARIMA(p,d,q) expression becomes:
The above models were developed and tested using the SPSS Forecasting module. 23 To assess the prediction accuracy of these models, the multi-year dataset was subdivided into two subsets: (i) historical (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) and (ii) validation (2007). The historical data were used for model development, while the validation data were used to test the prediction accuracy of each forecast model. Each individual forecast model would yield ambulance demand forecasts for one to twelve months. The average absolute percentage error (AAPE) was computed as an objective measure of prediction accuracy, with a smaller value indicating better performance.
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Results
Seasonality of ambulance demand
Our results showed the presence of a significant biseasonal pattern in the average daily ambulance demand (p<0.001), with 22% (p<0.001) of total variance attributable to seasonal harmonics with 2 cycles (Table 1 ). This result is consistent with our expectation that the cooler and hotter months would show greater ambulance demand. Moreover, the existence of seasonality in ambulance demand also suggests the suitability of applying the ARIMA model for making demand forecasts.
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Weather effects (1) Overall situation for Hong Kong A multiple regression model must satisfy three major assumptions: (1) the residuals are normally distributed about a zero mean; (2) the residuals have constant variance; and (3) the sample size is 15 times larger than the number of predictors. The study found that the second assumption of constant variance was not met because the plot of residuals against the "lowest temperature" predictor exhibited a funnel-shaped distribution, indicating an inverse relationship. Thus, the weighted multiple linear regression method which makes no specific assumption about variance was selected for data analysis in place of the ordinary multiple linear regression. As the situation applied to all weather factors examined in this study, the weighted multiple linear regression analysis was adopted throughout the paper. The backward variable selection method was applied in the regression analysis and separately on the two datasets of defined time periods to identify potential predictors. Predictors deemed to be significantly associated with ambulance demand were identified and retained. The following weather variables were considered potential predictors of average daily ambulance demand for both cool and hot months: the lowest and highest temperatures, average relative humidity, average amount of cloud cover, total rainfall, and average wind speed. Results of the weighted multiple linear regressions are shown in Table 2 . Weather factors, including lowest temperature, average wind speed, and average relative humidity were found negatively associated with average daily ambulance demand (adj-R 2 = 0.38, p<0.001) over the cool months. In contrast, weather factors including highest temperature and average amount of cloud cover were found positively associated with average daily ambulance demand in the hot months (adj-R 2 = 0.34, p<0.001).
(2) Spatial differences in ambulance demand
The 2006 Population By-census conducted by the Hong Kong Census and Statistics Department showed that the demographic constructs of people living on Hong Kong Island, in Kowloon and the New Territories were quite different. 25 The proportion of elderly residents aged 65 years and older was lowest in the New Territories (10%) compared to those of Hong Kong Island and Kowloon (13.7% and 15.9% respectively). The Population By-census also showed that people in the New Territories had lower income with a larger proportion living in public housing. Because of these demographic differences, the datasets were further subdivided into smaller subsets of ambulance command units to examine possible spatial effects of weather factors. results by different ambulance command units. It shows that Hong Kong Island registered the highest adj-R 2 in both cool and hot months (0.55 and 0.46 respectively). In contrast, the New Territories had the lowest adj-R 2 (0.12 in cool months and 0.22 in hot months). The observed differences between Hong Kong Island and the New Territories might be attributable to the spatial distribution of people aged 65 and older. As the elderly population is more easily affected by extreme temperatures, the regression model can better explain average daily ambulance demand on Hong Kong Island, which has a higher proportion of the elderly population (13.7%) than the New Territories (10%). Table 4 shows regression results that considered temperature as the only weather factor affecting ambulance demand. The regression coefficients of temperature for the hot months were always greater than those of the cool months, which might infer that hot temperatures had greater absolute impacts on the average daily ambulance calls. The regression equations also suggest that about 20 extra cases per day were expected for every 1 o C increase in the highest daily temperature during the hot months. Similarly but to a lesser extent, 11 extra cases per day were expected for every 1 o C decrease in the lowest daily temperature during the cool months. Table 4 also shows that the adj-R 2 values for both cool and hot months (0.46 and 0.41 respectively) for Hong Kong Island were much higher than those of the New Territories (0.12 and 0.22 respectively). We could infer from these coefficients that temperature is a more significant factor impacting the average daily ambulance calls on Hong Kong Island than the New Territories because a higher adj-R 2 means a higher proportion of explained variance. This observation is also consistent with the 2006 Population By-census reporting that a higher proportion of the elderly population, who were more susceptible to temperature changes, lived on Hong Kong Island than in the New Territories. Figure 4 shows the AAPEs of forecast results over a 12-month period by three different forecast models. The ARIMA model exhibited the lowest average percentage errors for shorter-term forecasts and performed the best for 1-to 7-month forecasts.
Forecasts of daily average ambulance demand
However, the simple linear regression model, which maintained a stable error rate of about 3%, surpassed the ARIMA model in prediction accuracy for longerterm forecasts. Both the ARIMA and seasonal adjustment models showed increasing instability for longer-term forecasts beyond 5 months.
As the linear regression and ARIMA models had better overall performance, we attempted to add another factor of average temperature into the models to assess possible improvements in the prediction accuracy. Figure 5 shows noticeable improvement in the prediction accuracy with the inclusion of average temperature. The ARIMA model displayed slightly better improvement with smaller forecast errors than the linear regression model but the plots exhibited no time trend in the size or direction of forecast errors. 
Discussion
The study employed the harmonic analysis and a simple method of weighted linear regression to assess the effects of seasonality and weather factors on ambulance demand and possible geographic variation. There was clearly a bi-seasonal pattern on ambulance demand, especially in areas with a higher proportion of elderly and lower income population who were more sensitive to changing weather conditions.
The performances of three different forecast models of average daily ambulance demand based on weather factors were compared. Our empirical findings showed that the ARIMA and seasonal adjustment models without consideration of weather factors appeared more suitable for shorter-term forecasts of 1 to 6 months. Additionally, the linear regression model performed better for longer-term forecasts of more than 6 months. The results revealed that both the ARIMA and seasonal adjustment models placed more emphasis on recent observations, whereas the simple linear regression model treated all data in the series equally. It is common to expect more recent observations to be a better indicator of what is to come. In this regard, the ARIMA and seasonal adjustment models are more suited for shorter-term forecasts. By contrast, the simple linear regression model, which gives equal weight to all observations in a time series, has a more stable error rate. With both the regression and ARIMA models also showing improved forecast accuracy with the inclusion of average temperature, it appears that the ARIMA model has a better overall performance.
Limitations
Data resolution is a major limitation of this study. Although the study reported some observable patterns, the results were subject to certain data artefacts. For example, daily variation between the lowest and the highest temperatures could be very large but it was not reflected adequately in the monthly statistics. Moreover, public holidays might also have an impact on ambulance demand. 26 The interaction effects between relative humidity and temperature were also not considered in the study. For example, it has been noted that people are more easily affected in hot days of high relative humidity and cold days of low relative humidity. The use of other indicator measures, such as the meteorological index of net effective temperature, 2 may be a way to account for this interaction effect. In reference to results of regression analysis, the finding about the proportion of elderly contributing more to the difference in goodness-of-fit (i.e., between Hong Kong Island and the New Territories) requires further evidence to support. Putting aside the problem of data resolution described above, the regression model did not include other socio-demographic or deterministic factors. The magnitude of the constants in the regression equations (see Tables 3 and 4) had large values but their corresponding adjusted R 2 values were not high enough to exclude the effects of unobserved factors. Moreover, and the spatial data resolution was not sufficient to enable an accurate modelling. It is expected that stronger and more accurate relationships between weather variables and average daily ambulance demand would result had actual values of daily ambulance 
Conclusions
A better understanding of weather effects on emergency needs by locality can help inform the vulnerability of certain communities in different weather situations. Such knowledge is helpful to the FSD as the managing authority to better prepare for expected rise in the demand for emergency services. Logistic plans to redeploy ambulances based on prior knowledge of service hot spots can assure ambulance and paramedic services be dispatched to locations where they are most needed and in the most expedient manner. In the long run, more accurate forecasts can lead to improved capital planning to reduce or eliminate unbudgeted or unnecessary purchases of ambulances without compromising preparedness and service quality. 
